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Abstract 
Fatigue crack initiation sites and the subsequent fatigue crack growth rate in riveted lap joints made of 2198-T8 Al-Li alloy were 
investigated through fractographic examinations. Two crack initiation sites were identified: 1) near the rivet holes and 2) at 
multiple sites along the faying surface.  Fatigue crack tunneling was developed during the fatigue crack progression in all 
specimens, yielding final ductile fracture during the catastrophic fracture of the specimens. The fracture surface morphology 
exhibited shallow fatigue striations.  The second phase constituents did not affect the fracture surface morphology.  Multiple 
micro cracks and long interlaminar cracks occurred. Stereo (3-D) fracture surface morphologies indicate a meandering fracture 
surface, with local fatigue crack progressing along multiple directions and at different rates. Average crack growth rate (da/dN) 
along the width, thickness of the specimens and the feather lines were recorded, showing the effect of grain direction, alloying, 
and stress level on the fatigue crack growth behavior.   The number of cycles to failure was also affected by the grain direction. 
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1. Introduction 
Following several decades of studying the mechanical performance of aluminum-lithium (Al-Li) alloys (e.g., 
AA2020, AA8090, and AA2090), a third generation of a modified Al-Li alloy has been developed. The addition of 
lithium provides improved properties.  For example, a 1 wt% addition of lithium provides increased elastic modulus 
of ≈ 6% while reducing the density by ≈ 3% and improving fatigue resistance. The third generation of Al-Li alloy 
has lower Li content (< 2 wt%), higher Cu content (> 2.5 wt%), and added Ag (0.4 wt%), Mn (0.3-0.5 wt%), and Zn 
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(0.1%-0.7 wt%) [1].  This new family of Al-Li, e.g., the AA2198, is expected to overcome some of the drawbacks of 
the prior generations, e.g., orientation-dependent tensile properties and lower short-transverse fracture toughness.  
Several investigators studied the static and fatigue behavior of the AA2198-T351, e.g. [2]. 
Recent studies focused on the fundamental static and fatigue behavior of AA2198 using laboratory standard 
coupon-type specimens, e.g. [2].  Ultimately, however, the fatigue behavior of aircraft-like components is of interest, 
e.g., investigating fatigue cracks emanating at riveted joints.  In this class of problems, the focus is normally on 
fatigue crack initiation site and cycle, crack growth rate and direction, and extent of crack tunneling, e.g. [4-6]. The 
objective of this study therefore was to identify fatigue crack initiation sites and the subsequent fatigue crack growth 
rate and direction in riveted lap joints made of AA2198-T8.  For comparison purposes, an identical study was 
conducted also with AA2024-T3.  Particular attention was given to the effect of the rolling direction on the fatigue 
fracture surface morphology and the location of the crack initiation in the two alloys. 
2. Experimental procedure 
The two aluminum alloys tested under this program are the AA2198-T8 and the AA2024-T3.  All specimens were 
nominally 3.2 mm-thick, 66.7 mm-wide sheets, with 42.9 mm-long lap joints made of two three-rivet rows, Fig. 1.  
Each rivet was 4.8 mm in diameter, spaced 23.9 mm along the width of the specimen.  A 66.7 mm x 1.6 mm shim 
was placed between the two aluminum sheets to increase local bending.  All specimens were subjected to the same 
fatigue load conditions of maximum stress level (105.5 MPa), at R = 0.1, and a load frequency of 5 Hz.  The fatigue 
tests were conducted along the rolling direction (L), transverse (LT), and at 45° relative to the rolling direction. A 
total of three specimens of the two alloys were tested for each rolling directions. The results of the mechanical tests 
were reported elsewhere [3].  Fracture surface morphologies were examined using a scanning electron microscope 
(SEM) (Zeiss Supra 50VP, Germany), equipped with an energy-dispersive spectroscope (EDS) (Oxford Inca X-
Sight, Oxfordshire, UK). 
Fig. 1. Schematics of specimen geometry [3]. 
3. Fatigue fracture surface morphology 
All specimens failed along one of the three-rivet rows, as expected.  Top views of the post-failure fracture of the 
two alloys in the three rolling directions indicate that the fatigue crack path is meandering along the length, width, 
and thickness directions, Fig. 2(a).  In several cases, cracks formed ‘eye-brow’ appearance around the rivet holes.  
They appear to be more pronounced in the AA2198-T8 specimens, e.g., in the ‘L’ and ‘45°’ specimens. 
Results indicated that the number of cycles to failure in the AA2198-T8 was lower by approximately 21%, 27%, 
and 35% in the ‘L’, ‘LT’, and ‘45°’ rolling directions, respectively, as compared to that in the AA2024-T3, [3].  The 
curved feather lines shown in Fig. 2(b) for the two ‘L’ specimens were constructed from the progression of fatigue 
striations.  These feather lines indicated that fatigue cracks initiated at the vicinity of the rivet holes, along the faying 
surface, as a result of the fretting between the shim and the specimens; a phenomenon that has been observed also in 
fuselage riveted joints, e.g., [4-6].  Similar feather lines could be constructed for all other specimens.  Furthermore, 
examinations via EDS indicated the presence of a layer of aluminum oxide along the faying surface in both alloys. 
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Fig. 2. (a) Post failure fracture surfaces along the rivet row, showing the meandering crack paths.  (b) SEM images of the fracture surfaces 
showing the fatigue regions in the vicinity of the central rivet hole.  The curved lines show the direction of the local fatigue crack growth. 
Fig. 3. Detailed examinations of the fracture surface morphology for two ‘L’ specimens, taken at the indicated distances from the centreline of 
rivet hole (x) and from the faying surface (y), having different crack growth rates (da/dN).  The arrows indicate the directions of selected clusters 
of striations. 
The fatigue fracture surface morphologies of the AA2024-T3 and the AA2198-T8 are distinctly different.  Three–
dimensional views of the fracture surfaces of the AA2024-T3 revealed that the fatigue striations were highly 
pronounced, progressing in the rugged fracture surface within multiple fracture planes and in multiple directions 
along the width, thickness, and length of the specimen, Fig. 3.  The ruggedness of the fracture surface could be 
attributed to the multiple fatigue initiation sites along the faying surface.  They might be also due to the presence of 
the large constituents.  The different constituents exhibited reverse roles: those that inhibited the progression of the 
fatigue striations and those that served as sources of new fatigue cracks.  These local fatigue cracks coalesced to a 
larger crack, having a rugged fracture surface, progressing along the general direction of the feather lines shown in 
Fig. 2(b).  Similar characteristics were noticed also in the ‘LT’ and 45° specimens (not shown here). 
On the other hand, the fatigue fracture surface in the AA2198-T8 is quite planar and fairly smooth, having much 
shallower striations, Fig. 3.  The striations progressed mostly in self-similar manner, even when they occurred on 
different planes.  Similar characteristics were noticed also in the ‘LT’ and 45° specimens.   
Unlike in the AA2024-T3, however, interlaminar cracks were observed in the AA2198-T8, mostly pronounced in 
the ‘LT’ and ‘45°’ specimens.  The fracture surface contains numerous micro cracks as well as long macro cracks.  
Based on the pattern of the striations, it seems that the macro-cracks occurred due to the sudden release of energy 
during the catastrophic fracture.  Detailed Electron Backscatter Diffraction (ESBD) examinations (not shown here) 
showed that the grains in the AA2024-T3 were quite equiaxed, as expected, while those in the AA2198-T8 are 
highly elongated.  These interlaminar cracks occurred and progressed along these highly elongated grain boundaries.   
4. Fatigue crack growth reconstruction 
Detailed crack growth rate measurements were taken for all specimens along the width and thickness direction as 
well as along the feather lines, such as those shown in Fig. 2(b).  A representative result is shown in Fig. 4, for the 
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AA2198-T8 specimen shown in Fig. 2(b).  These measurements were taken along the horizontal direction of the 
specimen’s width, at 1.85 mm above the faying surface.  The figure shows both the crack growth rate and the 
direction at some 20 selected locations along the horizontal.  Such a pair of plots clearly describes the pattern of the 
fatigue crack progressions.  Similar plots were generated for all specimens along the three directions mentioned 
above. Based on such plots, the cycle number at which the fatigue crack initiated could be calculated, through 
backtracking extrapolation, following the process applied in e.g., [4]. 
Fig. 4. Crack growth rate and direction along the specimen width on the right-hand side of the rivet hole of the AA2198-T8, shown in Fig. 2(b). 
5. Conclusions 
Fatigue crack growth could be reconstructed from the fracture surface morphology based on the location and 
direction of the fatigue striations.  Significant differences exist between the two alloys studied: while the AA2024-
T3 exhibits rugged fracture surface morphology with fatigue crack propagating in all directions – mostly as a result 
of the presence of the large constituents – the fracture surface of the AA2198-T8 is fairly smooth, having shallower 
striations.   The fracture surface of the AA2198-T8 contained numerous micro cracks, as well as long interlaminar 
cracks, primarily in the ‘LT’ and ‘45° specimens. The AA2198-T8 exhibited a more brittle fracture surface as 
compared with the AA2024-T3. 
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